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SOMEASPECTSOF THEDESIGNOFHYPERSONIC

BOQST-GLIDEAIRCRAFT ‘
ByAlvinSeiffsadH. JulianAXLen

SUMMARY

Factorsinfluencingflightrangesndaerd.ynsmicheatingforhyper-
sonicboost-glideaircraftarediscussed.It isshownthattheblunting
reqyiredtoreduceaero@snd-cheatingat thewingleadingedgetoa tol-
erablelevelisdetrimentaltoflightrangebutthatby emplo~ngleading-
edgesweepbackthisdetrimentaleffectmaylargelybe avoided.Thepossi-
bilityandadvezrt.agesofflightat veryhighaltitudeto reduceaerodynamic
heatingandencouragethepreservationoflaminarflowon thesurfacesof
suchaircraftistreated.Oneaircraftconfigumtionisdescribedand
discussedas an example.
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Sanger (ref.
theuseofwinged

INTRODUCTION

1)wassmongthefirstto
high-velocityrocketsfor

giveseriousconsiderationto
long-rangeflightand,with

Bredt(ref.2),to theuseof such&perVelocityvehiclesasnmn-carrying
aircraft.Theyshowedthattwotypesof suchvehicleswerepromis@-as-
regardsefficiencyofflight:Thefirst,lmownas theboost-glidevehicle,
is onewhichisboostedto itsmsximumspeedandtoan altitudesuchthat
atburnoutthedynamicpressureisthatrequiredforflightat thelift
coefficientcorrespondingtomaximumlift-dragratioforthevehicle.The
unpoweredflightis continuouslymaintainedatmaxinmmlift-dragratio,
thealtitudedecreasingas thevehicleis retardedundertheactionof
aerodynmnicdrag,untilneartheendofflightthevehicleliftcoefficient
is increasedto thatrequiredto effecta low-speedlanding.Thesecond,
lmownas theboost-skipvehicle,isonewhichisboostedto itsmaximum
speedalonga ballistictrajectory.As thevehiclereturnstoearthat
theendof thefirstballisticphaseofflightitenterstheatmosphere
andatmaximumlift-dragratioturnsupward(i.e.,‘*skips”fromtheatmos-
phere)intothesecondballisticphaseofflight.Thiscombinedballistic
andskippingtrajectoryiscontinueduntilthetotalenergyavailablefor
flightisjustsufficienttoeffecta landing.

. Ballisticrocketsaswellas theboost-glideandboost-skipvehicles
areof interestformilitaryapplicationbecauseof theirrelativeinvul-
nerabilityas comparedto otherformsofaircraft.Formannedflight,

*
.
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however,onlytheglideandskipvehiclesaypearsuitableforconsidera-
tion.Theefficiencyofflightof glideandskipvehicleshasbeencon-
sideredinreference3 andhasbeencompared”withconventionalsupersonic
airplanes.In thatanalysisitwasshownthatforlong-rangeflight,both
therocket-poweredglideandskipvehiclesc= comparefavorablyineffi-
ciencywithturbojet-orrsmjet-yoweredsupersonicairplanesdesignedto
operateatWch nunibersforwhichobtainablelift-dragratiosareofthe
sameorderas thoseobtainableforthehyperVelocityvehicles.Theanalys-
is ofreference3 indicatesthatfora givenlift-dragratiotheskip
vehicleis superiorto theglidevehicleinthesensethatfora given
vehiclevelocityatburnouttherangeisgreater.However,itwasnoted
thatthesuperiorityinthisregardis slightforlift-dragratiosof4
andmoreanditwasconcludedthattheskipvehicle,forwhichtheaero-
dynamicheatingproblemsareverysevere,isprobablyinferiortotheglide
vehiclewhenallfactorsareconsidered.Sucha conclusionisparticularly
warrantedinthecaseofa mannedvehiclesincetheoptimumskipvehicle
forlong-rangeflightmust,inaddition,experienceverylargeaccelera-
tionsduringtheskippingprocess.Thus,ofthethreeIqqervelocityvehi-
clesconsidered,onlytheboost-glidetypeappearssuitableformnned
flight,buteventhisvehiclewillbe oflimitedusefulnesssinceitcan-
notbe a verymaneuverablevehicleintheusualsenseandthusis,perhaps,
limitedtouseforbombingandreconnaissance.Iftheboost-@idevehicle
is tocompetefavorablywiththesupersonicairplane,itismandatorythat
thehighestpossiblelift-dragratiosbe obtainedandthattheaerodynamic
heatingbe a minimum.It isthey~ose ofthispapertodiscussthese
twoaspectsof designforthehypervelocityboost-glidevehicle.
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wingarea

Stantonnuniber

distancealong

rocketthrust

flightpath —.

recove~temperature

airplanesurfacetemperature .— —-.

time

flightvelocity(assumedalsotobewingsurfacevelocityat *
zerolift)

“burnout”velocity “

lowersurfaceairvelocity

satellitespeed(25,930ft/see)

upper-surfaceairvelocity

weight

totalflightrange

rangeduringpoweredflight

rangeduringunpoweredflight
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G

.-

—
*“



NACARMA55E26 5

ratioof specificheats

emissivityforradiation

flight-pathangleofdescent

leading-edgesweepbackangle

air-streamviscosity

airviscosityatboundwy-layeredgeonlowersurfaceofwing

airviscosityatboundary-layeredgeonuppersurfaceofwing

sagle-of-attackfactor,@

angle-of-attackfactor,@opt

air-streamdensity

airdensityatboundary-layeredgeonlowersurfaceofwing

airdensityatboundary-layeredgeonuppersmfaceofwing

leading-edgeradius”

angularrangeto go (seeeqs.(2))

DESIGNCONSIDERNECONS

TheRangeEquation

Considera boost-glidevehiclein
glidingflightatvelocityV as shown
in thesketch.Foldawlngtheanalysis
of reference3, theparametriceqmtions
offorcenormalandparallelto the
directionofmotionare

L 3nv2-mgcose=—— 1— rc

~
‘D+usine=mdt )
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Undertheassumptionof smallinclinationangle,e,tothehorizontal
(thuscose z 1, sin6 =

d
e), constantgravityacceleration(i.e.,& z 1)

—

andnotingthat

)
.

1..-
rc ds

d$ cos e 1
—=— z—
ds r r.

we writeequations(1)intheforms

L . ~vzde mV2~+-lW.J——ro 1

D = -mVg+we

It isshowninreference3 that athighflight
angle,e,andtherateof changeinthisangle
aresosmallthattermsinvolvingthesevalues
calpurposessothattheliftis givenby

I

‘=+%)=”(l-s

J

speedstheinclination * —
wtthflightpath,de/ds,
maybe ignoredforpracti-

where Vs isthesatellitespeed

andthedragisgivenby

D= -mvg
ds

(2)

(3)
●

(4)

(5)

(6)

Theincrementalunpoweredflightrangemaybe obtainedfromeqya-
.

tions(4)and(6)as
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ds=

Ifat eachspeedtheoptimumlift-dragratiois?mintained,thenthe
rangeinunpoweredflightisa mximumandgivenby

p Xu . no

Jx~ = ‘-
0

Thusitis seenthat
of

thisrangeis

00L v

5
“ dVV2

optl——
VS2

greatest

(90,.-

(7)

whentheaveragevalue

. over the rangeof s~eedsencompassedisa maximum.Theinfluenceofthe
velocity,V, inthenumeratoristomaketheintegrsndlargeat thehigh
endoftheflightspeedrange.As a consequence,it isfoundthata major
partoftheflightrangeiscovered.athighflightspeeds.Thiscanbe
appreciatedintuitivelyfromconsiderationoftherateoflossofkinetic
energywithflightspeed.

Thusitisemphasizedthatfortheglidevehicleonemustparticularly
striveto obtainhighlift-dragratiosatthehighestMachnumbers,and
thata smallimprovementinlift-dragratioathighMachnumbersat the
expenseof a loweredlift-dragratioatlowerspeedscanresultinsm over-
allimprovementofrange.However,as indicatedinAppendixA, caremust
be exe~cisedtoavoid
attainhighlift-drag
oftheadverseeffect

~ding too~ch additionalstru~%ralweightto
ratio;otherwisetherangewillbe decreasedbecause
ofreducingtheratioof initisl-to-finalWSS.

TheOptimumLift-DragRatio

To studythefactorswhichinfluencetheoptimizationofthelift-
dragratio,letitbe assumedthatthewingleadingedgeis supersonic.
(whichistheususlconditionath@hMachntiers). Thentheliftcoef-
ficientis givenbyl

—

. %’heterm 2a2 isthecross-flowtermfora fht @ate (seerefs.k
and5) andistheNewtonianvariationas M+m.
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Sinceno leading-edge suctionwill OCCUrforthesupersonic~ea~g e~e~
thedragcoefficientisgivenby

.
—

.

—

42
fJ-D=cDo+~u+2a3 (9)

It isconvenienttoexpressequations(8)and (9) intermsofa newvari-
able

E=@ (10)

so that equations(8) and(9)become

pa3L= 4g + 2E’

p%~= B3CDO+4E2.+2E3 1

Fromequations(U.)itcanbe shownthatat optimumL/D

4Eopt2+ 4~opt3+ Eopt4
p3cDo=

1 + g@

forwhich

and

@opt 4+ 3Eo@
—=—
CDO 2 + :Opt

P’%opt=4’5opt+ 2Eopt2

(L/D)opt 2 + 2&@

P = 4gopt+350pt2

(m
,

.-
.

(12)

(13) -

(14)
..
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theindependentvariable~~o. Forourpresentpurposes,it is suffi-
cienttonotethattheonlyfactorwhichinfluencesthemaximumlift-drag
ratioat anygivenMachnumberisthevalueof thedragforzerolift
(ifno add.itionaldragis incurredto trimtheaircraft).

DragReduction

Thefactorswhich,inthegeneral.case,influencethewavedrag,
frictiondrag,andbase&g havebeenconsideredb theratherextensive
literature.Itwillbe thepurposehereinto consideronlytwoaspects
of theminimizationofdragwhichhavenotpreviouslybeengiventhe
attentionthattheydeserve.

Thefirstfactorwhichmustbe treatedconcernsthecompromisesin
designwhichresultin increasingwavedrag@ ordertohandlesatisfac-
torilytheaerodymmlcheatingproblem.Inreferences3 and6,forexsm-
@e, it isnotedthattheexcessiveheatingwhichoccursat suchlocal
“hotspots*’as theleadingedgeof thewingemdthebowofthefuselage
mustbe givenparticularattention.In thesereferencesitis sham that
a verypracticalmeth~ forreducingtheconvectiveheatinputrateat
suchstagnationpointsisto roundthesurfacesincetheheatinputrate
variesinverselyas thesquarerootof thesurfaceradius.Forthefuse-
lage,suchroundingof thebowdoesnotincura dragpenalty,provided
theroundingisnotexcessiveandmayactuallyresultina dragreduction
forsmallrounding(seerefs.7 and8). Forthewing,appreciabledrag
penaltiesareincurredwithevensmallamountsofblunting.However,this
dragpenaltymaybe madesmall,aswaspointedoutinreference3,by
sweepingtheleadingedgeof theliftingsurfaces.FromNewtoniantheory,
thedragreliefaffordedby sweepbackisfoundtodependon thecosine
squaredof theangleof swee~forfigs offixedspan(measurednormlto
theplaneof symmetry)andfixedleading-edge
normaltotheleadingedge).

cDze.
— =
CD

COS2A
%eA=o

radius(measuredintheplane

(16)

Thedataof reference9
rate. Theexperimental
maybe usedto evaluate

indicatethatthispredictionisrelativelyaccu-
resultsforcircularcylindersof reference10
thedragcoefficientat

edgeofconstantradius,a, sinceat supersonic
cylindersisessentiallythetotaldrag. These

zerosweepfora leading
speedtheforedragof such
resultsindicatethatthe
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dragcoefficientisnearlyindependentofMach
matevslue(basedoncylinderfrontalarea)of

numberand
1.25. The

NACARMA55E26

has theapproxi-
dragcoefficient ._

of a sweptleadingedgeof constantradiusis,thereforegivenby

cDze= 2.5~ cos2A- (17) -

Inadditiontoreducingthedragof
backalsoreducesitsheatingrate. The
resultsofreferenceIllsuggestthatthe
approximatelyas2

dH COBA..—
d-t G

thebluntleadingedge,sweep-
theoreticalandexperimental
heatingrateperunitareavaries.-

(18)

Therefore,forequalheatingratesperunitsurfaceareatheleading-edge
dragofbluntairfoilswillvaryas

cD2e- COS4A (19),

It isclear,then,thatiflargesweepisemployed,thedragpenaltydue
toroundingtheleadingedgecanbemadesmald..

Thesecondfactorwhichshouldbe givenspecialconsiderationis
thefrictionaldragsince,ingeneral,as theMachnumberisincreased
therelativecontributionoffrictiontothetotaldragisincreased.
Although,as iswell.kaown,theturbulentskin-frictioncoefficient
decreasesmarkedlywfthincreaseinMachnumber(ref.12),itremains
truethattheturbulentfriction”usuallyexceedsthelaminarfrictionand
hencethepossibilityofmaintaininglaminarflowmustnotbe overlooked.
Theadvantagesoflsninarflowaretwofold,improvedlift-dragratioand
diminishedaerodynamicheating,sothattheattaiwentofl~inm flowis
especiallydesirableforhypervelocityvehicles.Todeterminewhetheror
notlongrunsoflaminarflowappearfeasibleit isnecessarytodetermine
therangeofReynoldsnumberthatwillprobablybe coveredin@perVelocity
flight, To thisendequation(4)canbemitten

(4) ‘

‘AsnotedinreferenceI.I.,theheatingratemayvarymorenearlyas
thesquareof thecosineofthean@.eof sweepifthewallisverycool‘
comparedto stagnationtemperature. .— .

a

—
.—.

—

.:

. .—

=-

.

.—

.

-.
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sothatthedensitybecomes%

.

andhencetheReynoldsnumberforlength2 becomes

u

(20)

(a)

Fromequations(20)and(21)andthevaluesoftableI,the”flighk
altitudeandReyuoldsntiersperfootoflengthhavebeendeterminedfor
aircrafthavinga constantlift-dragratioof 5 withwingloadingsof70,
50,ad 30Poundspersquarefootandforaircrafthsvingwingloadings
of 50poundspersqmrefootwithconstantlift-dragratiosof6, 5, and4
forspeedsuy to thesatellitespeed(25,930ft/see).3Theresultsof
thesecalculationsareyresentedinfigures1 and2. Thesefiguresshow
thatexceptfora nearsatellitevehicle,thealtitudesof interestare

. lessthan20Q,000feet. Moreimportant,itis seenthattheReynolds
number,whichremainsnearlyconstantat thelowersupersonicspeeds,falls
rapidlyas thespeedis increasedtohypersonicvaluesand,of course,. becomeszeroat satellitespeed.Moreover,it shoul.dbenotedthatthe
Reynoldsnunibersarenotlarge,particularlyifthewingloadingislow.
In recente.xperime~ts(asyetunpublished)onbodiesintheAmessupersonic
free-flightwindtunnel,itwasfoundthatasMachnumberis increased
(atleastup tothelimitingtestMachnumberof 7),theattainmentof
longlsminar-flowrunsbecomeseasierin thesensethatthelaminarbound-
arylayerismoredifficultto tripwithroughness.Intheseeqeriments,
infact,transitionReyaoldsnumbersgreaterthan13x106werefoundat a
Machn~er of 7 evenforrelatively~ugh surfaces;Sincethisisthe

%t shouldbe notedthatfora givenlift-dragratioanda givenNkch
nmibertheoptimumliftcoefficientcanbe determinedfromtable1.-How-
ever,fora givenvelocitytheWch numberdependson thespeedof sound
and,hence,onthealtitude.Thusthemethodemployedforthesecalcula-
tionsmustbe an iterativeone. Fora givenvelocity,V, thealtitudeof
flightisassumedandthecorrespondingspeedof sound,a, determinedfrom
reference13. TheassumedMachnu?iberM, and,hence,j3,thenisusedto
find CL fromtableI andthedensityp fromequation(20).Theequi-
libriumflightaltitudecorrespondingta p isfoundfromreference13.
Thespeedof soundforthisaltitudeisusedas a secondapproximationand
thiscalculationprocedureisrepeated.ThisiterativeTrocessiscontin-

. ueduntiltheassumedsoundspeedagreeswiththatforthealtitudecorre-
spondingto thecsllculatedp. Theviscosityy forthecorrectedalti-
tude,andthecorrectedliftcoefficientarethenusedinequation(21.)to
findtheflightReynoldsnumber.

—



NACARMA55E26

orderofthefull-scaleflightReynoldsnumbersindicatedinfigures1 4
and2 forthehigherflightWch numbers,itwouldnotappearunreasonable
forvehiclesoperatingat thealtitudesformaximumrangetoattainfully
lminarflow. ●

Itappearsthatby carefulattentiontotheabovefactorsa hyper-
sonicglideairplaneoflowdragandthereforeofusefullyhighlift-drag
ratiocouldbe devised.In a latersectionthispointwi13.be further“
examinedby studyofa particularconfigurationhavinglargesweepbackand
otherwisedesignedtohavelowdrag.First,however,attentionwillbe
turnedtotheproblemofaerodynamicheatingbecause,iftheheatingof
theairplsmecannotbe keptWithinreasonablebounds,thenit isnota
feasiblevehicleforsustained,man-carryingflight.

The mostpowerful

Heat-TransferReduction

meansavailableto thedesignerforcontrollingthe
heatingrateofa hypersonicairplaneistheselec~ionoftheflight~lti-
tude. Quantitatively,thealtitudeeffectcanbe expressedintermsof
Reynoldsnumberand,forslenderaircraft,canbe approximatedby useof
theheat-traasferrelationsfora flatplate.Presentindications,refer- *
ences14and15,arethatthemodifiedReynoldsanalo&y, —

0.5st=—
p#/3 Cf

.
,-—-

(=)

satisfactorilydescribestheheattransferofsupersonicI.aminarandtur-
bulentboundarylayerswithsmallpressuregradientandwall-temperature
variation,althoughlessisknowneqerimentalQaboutthelaminarcase
thantheturbulent.Substitutionintoeqyation(22)ofthelsminarlaw
forvariationof skin-frictioncoefficientwithReynoldsnumberandappro-
priaterearrangementyieldstheexpressionforaverageheat-transferrate,

dH Cf
h(Tr- #/s#2 k(Tr-~)

z=
Tw)= 0.664~

t z
(23)

whereinthevariables(R,k, etc.)arebasedon conditionsJu@ outside
theboundarylayer.Thisformof theheat-transferequation,showsdirect
dependenceof theheat-transferrateonthesquarerootofRejnoldsntib”er.
Forturbulentboundarylayer,dH/,dtvariesas the4/5 rootofbReynoldE
number.Ineithercase,thedesirabilityofkeepingtheReynoldsnumber
lowisevident.

—

.
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s. ThefactorsthatdeterminetheflightRepoldsnmber areindicated
- ineqmtion(21).At thispetit,itisdesiredtofocusattentiononone

of them- thewingloading.Certainlyit ispossibletodesignhypersonic. aircraftwithhigh-wingloadingorevenwithoutwingsbecausetheavailable
dynamicpressuresareverygreat.Thesevehicles,however,will.be forced
to flyat relativelylowaltitudeandhighReynoldsnumberand,conse-
quently,willexperiencehighheatingrates.Thepointofviewadopted
hereinisthatthewingloadingshouldbe aslowas itcanbewithout
undulyincreasingthetotslweight(seeAppendixA).

Equations(21)and(23)furthersuggestthatlowheat-transferrate
willbe promotedby flightathighliftcoefficient.However,thelift
coefficientisalreadysetby therequirementof efficientflightandcan-
notbevariedarbitrarily.Also,a stronglyadverseeffectofhighlift
coefficientnotapparentinequation(21)willbe demonstratedina sub-
sequentparagraph.Theeffectofthefactor1 - (V2/V82)istoreducethe
Reynoldsnumberwithincreasingspeed,as is showninfigure1,andthus
to counteractto someextentthestrongtendencyforincreasingheattrans-
ferwithincreasingrecoverytemperaturewhichaccompaniesincreasingMach
number.

TheReynoldsnunibersgivenby equation(21)arethefree-streamlength
. Reynoldsnumbersandaresuitableforestimatingtheheattransferfora

flatplateat zerolift. In theliftingcase,appreciablecompressionof
thefree-streamairoccurson thelawersurfaceofthewingandtheRey-
noldsnunberperfootat theedgeofthebounda~layerisaffected.To
exsminethissituation,letus firstwritethe~ression forpressure
ratioonthelowersurfacefora wingofvanishinglym thickness,

(24)

whichfollowsfromtheequationforliftcoefficient.At W flightspeeds
consideredhere,thepressureactingonthewinguppersurfaceis sndl
comparedto thatontheluwersurface,andat thehigherMach~umbersit
becomesne~igible.Thus,thelower-surfacepressureratioincreaseswith
increasingMachnumber,fol.luwinga firstpowervariationforsmallangles
ofat~ck sada quadraticvariationforlargerangles.

Thevariationoflower-surfacelengthReymoldsnumiber,Rz,withpres-
sureratioisobtainedby useof thetwo-dimensionaloblique-shockequa-
tionsfor y = 1.4andtheassumptionthatviscosityvariesas the3/4
powerofabsolutetemperature.Thisisfoundtobe:

‘=t:iy[’-~;;~~’-””

(25)

,
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shownintheaboveequationandinfigure3(a),theReynoldsnumber
dependssomewhatontheflightMachnilmber.Moreimportant,howevers

.

isthetitherunexpectedbehaviorof thecurveswhich,insteadof-rising
steadilywithincreasingpressureratio,showmaximaatpressureratios

..
.

between5 and8. Thisisduetotheopposingactionsofthedensityratio
andviscosityratio.At first,densityincreasesmorerapidlythauvis-
cosity,butat thelargeranglesofattack,thesituationisreversed.
TheresultisrelativelyfavorableinthatthemsxbumincreaseofReynolds
numberoverthefree-stresmvalueislimitedto 88percentat M = 15and - -“
to 88.3percentat infiniteMachnumber.Thishasan importantbearing
ontheheattransfer”tothelowersurfaceandalsoonthepossibilityof

—

retaininglsmina.rflowthereon.

Inequation(23),thereappearsan additionalvariablewhichis
stronglyaffectedby angleofattack- thethermalconductivityofthe
airat theboundary-layeredge. Itcanbe shownfromavailableexperi-
mentalvaluesofthethermalconductivitythatforusualstreamstatic
temperaturestheratioofthelocal
ductilitiescanbe approximatedby

It isconvenientto
theReynoldsnumber

k~

0

0.85
z—=

k T

combinethe
andthermal

(lowersurface)to staticthermalcon-

(26) -

.

effectsofluwer-surfacecompressionon
conductivityinthesingleexpression, .-

Approximately,thisequationgivestheratioofheattransferonthel.wer – ..
surfacefortheliftingcasetotheheattransferat zerolift. Thefirst
twofactorsontheright-handsideareweaklyvaryingtermswhichremain

—

closeto1 exceptatlowsupersonicspeeds...FortheUgher speeds>eq~-
—

tion(27)canbe closelyapproximatedby a simplesquare-rootdependence
onpressureratio,

(28) .

.
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.

Equation(27)isplottedinfigure3(b)andshowsa steadyincreasein
heatingmte withincreasingpressureratio.Fromthisstandpoint,it is

. clearlydesirabletoflyatlowpressureratiosandthereforeat lowangles
ofattack.

Similarconsiderationsappliedto theuppersurfaceofthewingindi-
catethatan appreciabledecreaseinheatingrateoverthatforflightat
zeroliftwil.l-ie
sureratioisnow

Thisvariationis

feltthere.ThedependenceofReynolds
foundfromisentropicflowrelationsto

~ ,3
Ru I l-(-r “-.-.

numberonpres-
be:

(29)

plottedinfigureh(a)andshowsan interestinglysmall
dependenceonMachnmber. Aswastrueonthewinglowersurface,the
thermslconductivityontheuppersurfacealsovarieswithpressureratio

. and,forthetemperaturerangeencounteredthere,isbestrepresentedby

Combiningeqmtions(29)and(30)melds the

Y

\dtj~o

which,for y = 1.4becomes

()dH7EU
()dH—

0.524

(’?T

expression

r Y-l-

+
()i7-l-~

Y-+

, ;[’-(+7”2861
~2

1/4

(30)

1/4

(31)

(32)
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Thesecondfactorontherightisnegligiblydifferentfrom1 athigh
supersonicMachnumbers,sotheapproximateequation,(28),holdsforthe
uppersurfaceaswellas thelower.

Equation(32)hasbeenplottedinfigure4(b)andindicatesappreci-
ablereductionsinheatingrateto theuppersurfaceoftheliftingwing
overthatforzerolift. Two-dimensionally,thepressureratiosneeded
forentryintothisfigurecanbe obtainedfromthePrandtl-Meyerequation
forsupersonicexpansionat theflightMachnumberandangleofattack.
Comparisonoffigures3 and4 indicatestherelativeimportanceofretain-
ingl@ninarflowonthewinglowersurfacewheretheheatingratesare
highby coqrparisontotheuppersurface.

Fora givenflightMachnumber,then,theheatingrateoftheair-
planewillbe controlledprimarilyby thefree-streamlengthReynoldsnum-
berandtheangleofattack.TheReynoldsnumberwillbe determinedby
thewingloadingandtheratioofflightspeedtosatellitespeed,and
theangleofattackwillbe definedby thelift-dragcharacteristicofthe
airplane.At someequilibriumtemperaturetheheatingrateswillbebal-
ancedby heatradiationfromthesurface.Beforetheseverityof the
aerodynamicheatingcanbe judged,somenumericalcalculationsmustbe
performed.Forthispurpose,considerthefollowingexample.

,

-—

.—

.—.—
—

—

—

.—
.

EXAMPLE — .-

TheConfiguration .—

Theaboveaero@wnicheatingconsiderationshaveindicatedthatthe_..._
hypersonicglideairplaneshouldhavea lowwingloading.Moreover,at __~
theopt- anglesofattackoftheairplane,thelift-dragratioofthe
bodywillbe’lowcomparedtothelift-dragratioof thewingsothathigh

.-

resultantlift-dragratiowillbe promotedby useofa wingthatislarge
relativetothebody. Forthesereasonsandforreasonsrelatingtoaero-
dynsmi.cstability,drag,andboundary-layertransition,theconfiguration ~
chosenfortheexaa@eistheoneshowninfigure5. —

Thetriangularwingwithrootchordequaltothefuselagelengthgives
themaxhnunleading-edgesweepbackconsistentwiththeover-alllengthand
span.Furthermore,thepossibilityofretainingfullylaminarflowis
improved,itisbelieved,bymakingthewingapexandthefuselagetip
coincident(topreventthewingshockwavefromintersectingthebdy
boundarylayer).As iswellknown,however,theinfluenceofwingthick-
nesson sweptwingsisadverseas regardsthestabilityof.als.minarbgund~_
arylayer.Forthisandotherreasons,therefore,theconfigurationshown .
maynotbe optimumforpurposesofretaininglaminarboundarylayer,and
thesuccessofthisdesigaforretainingls.minarflowwillhavetoawait
experimentalirrvestigation. r
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b

.

Thesymmetrical arrangementofthreewingswasselectedmther than
a moreconventionalplanarwingwithseparatehorizontalandverticaltails
outof considerationsofaermiyuemicstability.ThetheoryofMapleand
E@ge, reference16,indicatesthatthevariationsinaerodynamicstability
withrollpositioncanbe expectedtodecreaseifthenumberofplanesof
symmetryisincreased.Theconfigurationoffigure5,havingthreeplanes
of symmetry,shouldshowsmallervariationsinstabilitythana conven-
tionalconfigurationwttha singlepl.meof symmetry.Onereadilyapparent
advantageofthesymmetricalarrangementisthatitprovideslargedirec-
tionalstability(tothefirstorderofapproximationequalto thelongi-
tudinalstability)withoutincurringlargerollingmomentdueto sideslip.
Theexperimentalresultsobtainedinreference17 onthis‘qypeof configu-
rationdaonstratethatsuchisthecase,at leastat lowspeeds.Addi-
tionalstabilityadvantagesshouldderivefromthelackofwing-tailinter-
ferenceandthetendencyof thetriangularplanformto retaina ftied
centerofpressureovera broadMachnumberrange.

MinimumDrag

Theestimatedminimumdragcoefficientsforthisconfigumtion(based
on theareaofthetwolifting~mels)is shownasa functionofMachnun-
berinfigure6. Part(a)showsthe&mg coefficientswithfullyturbulent
boundarylayer.The-g breakdownindicatesthatskinfrictionisa major
partofthedrag,especiallyat thehigherMachnunibers.(Attheluwer
Machnunibersthecombtiedbase-g of thebodyandtheblunt-basedwings
beccrnesimportant.Thiscouldbe reducedbyuseofboattailingbut,
becauseofprimaryinterestintheblgherendof thespeedrange,investi-
gationofthisaspectof thedesi~wasnotpursued.)Withlaninarbound-
arylayer,theskinfrictionisreducedappreciably,figure6(b),andthe
totaldmg coefficientsaswell. Of course,thedragadvantageofthe
lsminarboundarylayerdependsontheReynoldsnumber,soit ispertinent
to examinetheReynoldsnumbersemployedb computingtheresultsshown.
Accordingly,thefdd.-scalefree-streamlengthReynoldsnwnbersareshown
infigure7 foranairp~e 48 feetlong. Thevariationshowntendsto
causea clhninishingdifferencebetweenthelaminarandturbulentdrag
curveswithincreasingMachnumber,butinthespeedrangeconsideredhere,
thelsminarboundaryl~er retainsa decidedadvantagewithrespectta
bothdragandheattransfer.4 It shouldbe notedthatincomputingthe
skinfrictionno considerationhasbeengivensuchfactorsasmolecular
dissociationoftheair,shock-wave-boundsry-layerinteraction,and
increasingmean-freepathat thehigheraltitudessothattheseresults
maywelLbe b errorat thehigherMachnumbers.

%xtensionofthecalculationstohigherMachnwbersandthecorre-
spondinghigheroptimumaltitudesby useof continuumflowrelationsled
to theresultthatthelsminarandturbulentskinfrictionwouldbecome
eaualat M = 17.8.R = 1.6million.
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Beforeproceeding,itwillbe ofinteresttoshowthedragofthe
airplanewithsome?configurationchangesto indicatetherelativeimpor-
tanceofvariouspartsofthegeometrywithrespecttodrag. Thisisdone
infigure8 wherethreeitemsofgeanetryareconsidered:wingsweepback,
nosefinenessratio,andfuselagetipradius.Thebasecurveisthetotal
drsgcoefficientoffigure6(a)withfullyturbulentboundarylayer.(Use
ofthelaminarhag curve,of course,wouldmakethedrsgincrementssome-
whatlargerpercentsgewise.)In Part (a), thechangeintotaldragdue
to changingthesweepbackoftheleadingedgeis shownforleadingedges
offixedradiusandfixedspannormaltothebodyaxis.5Withtheunswept
wing,thedregofthebluntleadingedgeisprohibitivelyhigh,andthe
penaltyat45°sweepbackisstillsevere.It isevidentthatthewing
sweepbackisa parsmountconsiderationinminimizingthedrag. Inpart(b),
theeffectofnosefinenessratioisconsideredfortangentogivalnoses
infuselagesofthessmetotallength.Thefineness-ratio-3nose,while
addingtotheusefulvolumeofthefuselage,is slsoseento addappreci-
ablytothedrsg.Finally,inpart(c),theeffectoffuselagetipblunt-
nessis shown.The5-percent-blunttipselectedcausesessentiallyno
dragpenalty,butsignificantpenaltiesarisewhenthetipbluntness
approaches25percent.

Lift-DrsgRatio
.

Theoptimumlift-dragratioscorrespondingtotheminimumdragcoef-
.

ficientsoffigure6 aregiveninfigure9. Thesearecomputedfromthe
liftanddragequations,(8)and(9),by useoftableI. Noallowanceis
includedforthetrimliftortrimdrag. Thevaluesobtainedarerela-
tivelyhighforthisspeedrangeandarecomparabletoexperimentalvalues
at Machnumbersnear2. Veryrecently,lift-dragratiosofthismagnitude
havebeenrealized~erimen&lly intestsofhighlyswepttrhngular
wingsata lkchnumberof 6.9(ref.18). Thecomputedlift-dragratios
arerelativelyconstantovertheMachnumberrangeandarefrom13 to
24percenthigherwithlaminarboundarylayerthanwithturbulent.A
typicalvariationof L/D withangleofattackisshowninfigure10 for
a Machnumberof 8. TheoptimumanglesofattackfortheentireMachnum-
berrangearenearlythesameas thoseshown,between5°and@ withlami-
narboundaryl~er andnear7°withturbulentboundarylayer.Thelift
coefficients,ontheotherhand,decreasesteadilywithincreasingflight
speed(fig.n). This,of course,isduetothesteadydecreaseininitial
lift-curveslopewithrisingMachnumber.

51tisconsideredthatthewingarearemainsconstsntsothatskin
frictiondoesnotchange.Thewingpressuredragotherthanthatacting

.

attheleadingedgeisalsoassumedconstantsothatthe&ragchangesshown
areduesolelytovariationsinpressuredrsgoftheleadingedge. .
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Ae?mdynsm“cHeatingof‘:HotSpotsn

Itrmainsto considertheaerodynamicheatingofthisairplane.As
an exanrpleof severelocalheating,theheatingofthewingleadingedge
willbe discussedherein.Otherlocationswhichwillnotbe analyzedbut
whichwillencountersimilarlysevereheatingincludethefuselagetipand
thetransitionregionshouldboundary-layertransitionoccur.

Thetheoryand~eriment ofreference11 andunpublishedtestsin
theLangleyU.-inchhypersonicwindtunnelontheheatingratesof swept
andunswepttwo-dimensionalcircularcylindersfndicatethattheaverage
heatingratesat thewingleadingedgewilldeTendonleading-edgeradius,
sweepbackangle,andReynoldsnumber
lowdngapproxtiteequation

dH rpv

a=ccOsA-ii

perfootinaccordance

k(Tr- ~)u-1~2 .

~th-thefol-”

(33)

TheconstantC isfoundtohavethevalue1.94intheLsmgleytestsat
a Machnumberof6.9, Reynoldsnmnberof135,000,sndwallto free-stream
temperatureratioof 6.3. Thetestsofreference11,intheAmeshyper-
sonicguntunnelat M =9.8, R = 315,sml Tw/To=4.9, indicatethat
iftheentiremeasuredheattransferis aspribedtotheforwardhalfof
thecylinder,theconstantC haathevalueof2.02. Itmaybe found
ultimatelythatthisconstantwilldependonMachnunibersmdwaJl-
temperatureratiobut,forthepresentcalculation,thevslue2.0will
be assumedto applyuniversally.

Withtheaidofequation(33)theeffectsof sweepbackeandleading-
edgeradiuson leading-edgeheatingratehavebeenexsminedfora flight
Machnumberof7 at optixnmaltitude,3.20,000feet. InfigureM?,heating
ratesforseveralconfigurationswe plottedas a functionof leading-edge
temperatureandvanishforallconft~ationsattherecoverytemperature
forthisMachnumberandaltitude,4400°F. Theheatemissionratedue
to radiationfromtheleadingedgeisalsoindicatedfortwovaluesof
anissivlty,0.6and0.9. Thefirstcaseconsideredis a sharpunswept
leadlngedgewitha radiusof0.015inch. Theheatingrateis foundto
be verygreatandradiationequilibriumoccursat a leading-edgetempera-
tureofabout3500°F. Bluntingtheunsweptleadingedgeto 0.75-inch
radiusreducestheequilibriumtemperatureto about2500°F butincursthe
largedragpenaltyshowninfigure8(a). By useof sweepback,boththe

‘For A> 60°,the cosA variationunderestimatestheheat-transfer
ratesincethecosinegoesto zeroat A = 90°,whereastheheatingrate
doesnot. Therefore,theheatingz%a.tesfor A = 74°werecahulatedusing
qe?xlmentaldatawhichshowtheheatingratereducedto35percentof
theunsweptvalue.
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dragandtheheatingratearereducedas shin.infigures8(a)and12for
45°and74°of sweep.(At74°sweepback,theequilibriumtmqperature
reducesto theorderof2000°F.) Atbest,theleading-edgeheating.is
severeanditwouldseemdesirableto isolatetheleadingedgebothther-
mallyandstructurally,insofaraspossible..:..

ThenextthingconsideredistheeffectofflightWch numberon the
equilibriumtemperatureoftheleadingedgeoftheairplanewith74°sweep-
backanda leading-edgeradiusof0.75inch.of course,theradiation
equilibriumtemperatureoftheleadingedgeisincreasedby increasing
theMachnumber,principallythroughtheactionoftheincreasedrecovery
temperature,butisalsoaffectedfavorablyby thereducedflightReynolds
numberandunfavorablyby theincreasedfree-streamairconductivityin
thehotterairat highaltitudes,~Theresultingvariationofequilibrium
leading-edgetemperaturetithMachnumberisshown.infigure13. Somevery
hightemperaturesarereached,approachingbutstillbelowthemelting
temperaturesofa fewmetalsandrefractorymaterials.Thepossibility
of significantlyreducingtheleading-edgetemperaturesbelowthoseshown
by anymeansshortof inco~oratinga coolingsystemarenotfelttobe
extremelypromising.Furtherincreasingthesweepbackwillhelpsomebut,
at 74°,therateoffallofheatingratewithsweepbackhaspassedits
maxbmxnoDecreasesinwingloadingmaynotbe feasiblesincethevalue
of30poundspersquarefootisalreadyconsideredlow. Increasingthe
leading-edgeradiuswillreducethetemperaturesomewhatbutno significant
reductioncouldbe realizedwithoutan appreciablepenaltyinincreased
drag.Hence,leading-edgetemperaturesof the..orderofthoseshownmay
havetobe acceptedunlesscoolingbymeansotherthanradiationis
employed.

AerodynamicHeatingof theAve~geSurface

TheaVerageheattransferexperiencedby thewingswillbe computed
fromequation(23)forlaminarflowanditscounterpartforturbulent

.

.—
,-

—
. .-

—

.—

.-

.-.

---

—

boundarylayers.8TheeffectsofliftingflightonReynoldsnumberand
7Becauseoftheopposingeffectsof increasingaltitudeonReynolds

numbersndfree-streamthermalconductivity,the”possibilitywasinvesti-
gatedthattheheatingrateswouldbe lessif~heflightaltitudewere
heldfixedat thetopoftheisothemalaltitude’range,105,000feet,where
thefree-streamtemperatureisonly390°Rankine.Theheatingthereproved
tobemoreseverethanat theoptimumflightaltitudebecauseReynolds
numbersas greatas 71millionwereincurred.

8Theaverageskinfrictionandheattransferof thetriangularwin~”
areanalyzedby assumingthatthestreamlinesareeverywhereparalleltothe

—

rootchord.ThechordwiselengthReynoldsnumberisa functionof spanwise
position.Integrationoftheskinfrictiononthisbasisyieldstheresult
that,forlaminarflow,theaverageskin-frictioncoefficientandheat-

.

transferrateare4/3of thatfora flatplatewiththeReynoldsnumberof
therootchord.Fora turbulentboundarylayerthefactoris10/9.
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.
therml.conductivity,showninfigures3 and4,willbe applied,aswill
someadditionaleffectsofliftingflight,on theskin-frictionratio,

. %1%~> recoverytemperature,andthePrandtlnuniberat theboundary-layer
edge. Of thelatterthree,onlythefirstisfoundtobe significant.
Thecomputationsleadto theaverageheatingratesshowninfi~e 14 for
thewingsurfacesat radiationequilibriumtempemture.Theheat-transfer
ratesarean orderofmagnitudebeluwthosedevelopedat theleadingedge
at thesameMachnumber.Theheatingratesof thelowersurfaceareup
to18 timesgreaterthanontheuppersurfaceandareappreciablyhigher
whentheboundarylayeristurbulent.Thelowheatingrateencountered
on thewingupyersurfaceisduetothefactthattheloweringofReynolds
numberandthermalconductivityin the~ded streamabovethewing
tendstoreducetheheatingratefasterthanincreasingMachnumberacts
to increaseit.

Theaveragetemperaturesof the~ at radiationequilibrimnare
showninfigure15. Whenitisconsideredthattherecoverytemperatures
rangeup to14,500°F ata Machnumberof12 (nodissociationconsidered),
theseequilibriumtemperaturesarequitelow. Withlsminarboundarylayer,
theaveragetemperatureofthelowersurfaceremainsbelowlh” F. Under
thesecircumstances,mm-carryingflightatthese
beyondreason.

CONCLUDINGREMARKS

speedswouldnotappear

Somedesignconsiderationsrelatingtoan airplaneforunpoweredglid-
ingflightthroughtheatmosphereat ~ersonic speedshavebeenexamined.
It isnotedthata majorportionoftheflightrangewillbe coveredat
thehigherspeedsandthatattaininga highlift-dragratioat thesespeeds
is importanttoachievinggoodrange..Correspondingly,thelift-hag
ratioat thelowerspeedsisre~tivelyoflessimportance.For the
attainmentof goodlift-dragratioat highMachnunibers,carefulattention
to reductionof theminhumdragis required.Thewingsemployedshould
be highlyswept,sothattheleading-edgebluntnessrequiredtoreduce
aeroeic heatingwillnotundulyraisethedrag.Attentionisalso
calledto therelativelylowflightReynoldsnumberstobe expectedand
theconsequentpossibilityof retaininga fullyleminarboundarylayer,
whichisdoublydesirablebecauseitreducestheairplanedragandthe
aerodynamicheating.Theinfluenceofflightaltitudeontheseverityof
theaerodynamicheatingis examinedandit is concludedthatwithlowwing
loadingflightcanoccurat highsltitudeand,consequently,withlowaero-
-C heatingrates.

Theseconsiderationsareappliedto thestudyofan exampleairframe.
. It isfoundthatreasonablyhighlift-dragratios,in theorderof 5 to 6,

canbe achievedby useofextremesweepbackandlargeliftingarea. The
heatingof thewingleadingedgeinequilibriumflightat o@imumaltitude
isfoundtobe greatlyrelievedby thehighlysweptplanformchosen.



22 NACARMA55E26

Nevertheless,radiationequilibriumtemperaturesup to3100°F occurat .
thehighest~ch number,12,considered.Itappearsthatthewingleading-
edgeheatingconstitutesoneof theseriousproblemsinthedesi~ ofthis

.—

typeaircraftandthatstructuralandthermalisolationof theleading
--

edgeistobe desired.Theaverageheatingoftheairplanewingisthen
consideredandfoundtobe an orderofmagnitudelessseverethanat the
leadingedge. Infact,theradiationequilibriumtemperatureof thewing
lowersurfaceremainsbelow1400°F withlsminarboundarylayerat the
highestMachnumber,inthepresenceofa recoverytemperatureof14,500°.
TheoccurrenceofrelativelylCYWequilibriumtempe~turesovermostof
thesurfaceoftheairplaneisconsideredan encouragingindicationwith
respecttothefeas~bilityof this_&peofvehicle.

AmesAeronauticalLaboratory
NationalAdvisoryComnitteeforAeronautics

MoffettField,Calif.,May26, 1955

.

.

.

.
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APPENDIXA

Rl!J!?GEOFFLIG3T

23

h thepoweredphase offlight,itwouldappear that maximum impulse
to the vehicle wouldbe obtainedby climbingandacceleratingthevehicle
inmuchthessmemanneras thevehicledescendsanddeceleratesinthe
unpoweredglidephase.b thiswaytheusefulthrust,whichistherocket
thrustlessthedrag,willbe nearlymaximum.Againtheassumptionsof
small Gand% willbe used. Theseassumptionsare,of course,grossly

u
viol&tedifflightstartsat zerovelocity,butifoneconsidersthatthis
boostphaseinitiatesfromslightsupersonicspeeds(i.e.,fromm air-
launchingairplaneoraftera prima~boostfromearth),thentheassump-
tions,arevalid.Insayevent,theflightrangewillnotbematerially
affectedby thecourseof eventsduringthisprimazyboost.

Theequations (4) and (6) become,forthepoweredphaseofflight

Forshplicity,letus assumethat

T =KL
()

P=Kiugl——
VS*

where K isa constant.Then,combiningtheseequations

(3Km’+-(HI-%..’~~=’41-(%YI

(Al)

(A2)

(A3)

so that
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()“(:)-1]*‘(*)g)(-tin.

whichyieldson integration from O tos
Ltov= Vb)forconstant~

(corresponding

s =-(%W’-(%)’1
D

Hence,themnge ofpoweredflightis

t- 1

xp=-11‘J (%3+-W’]5-1

Themaximumaccelerationfora man-carrying
be limited.Ifa m canwithstandasa maximum

then

ng +.(’+)g

andthuseq.ution(A6) becomes

—.

K 1
‘n+fi

%=-g 4’-(321

(A4)

tofrom V = O

(A5)

At constantk theunpoweredflightrangeisfromequation(7)

.

.

(A6)
--

.

vehiclemust,of course,
(whichoccursat V = O)

—

(A7)

—

-.

(A8)
.

.
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‘u=-K%)+-w]
so that thetotslrangeis

x= -W+04’-WI
andthefractionoftheflightrangewhichispoweredis

from
(say

.

then

from
only

whichit is seenthat
5), thepoweredrange

Fromthefactthat

[
T= Kingl-

Xp 1.=—
x ()L‘5+1

25

(A9)

(Ale)

(All)

forreasonablevaluesof n (say3)smd &
isbuta smallpartof thetotal.

using ds fromequation(Ak) it canbe foundthat

[1oLn-D
Vb = Ig

<)
()

la ~
:+1

(A12)

whichit isreadilyapparentthatimprovementinburnoutvelocityis
slightlyinfluencedby thelift-dragratioif thelift-dragratiois

alreadyhigh,andcaremustbe =ercised,ifhighflightspeedisdesired,
toyreventextrastructuralweightfromdecreasingVb by reductionof
themassratio.

Althoughtheburuoutvelocityisnotstronglyinfluencedby lift-drag
ratio,theflightrangeis,as notedfromequation(7). Thus,bothlift-
dragratioandnassratioareimportantforrange.Infactit canbe shown.
thattherangeinnondimensionalform(fromeqs.(AI.2)and (AIO))becomes

.
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Therelativeinfluenceofmassratioandlift-dragratiocanbe —
determinedfrcmfigure16whichgivesvaluesof nX fromeqution(AI.3)‘ ‘- =

—

foranarbitraryspecificiqxil.seof 225seconds.Thischartshouldnot
be usedwhenrangescorrespondingtovelocitiescloseto satellitespeed
areconsidered,by virtueoftheoverlyconsenativeassumptionof equa- .“.

tion(A3)and,inanyevent,isofvalueonlyforcomparativepurposes
sincetheassumptionregardingthedecrease.pfthrustwithmassisunreal-
isticformostpracticalcases. . ..

Equation(AIO)canbe expressedina formanalogoush equation(A1.3)
as

~= -[”(;)+++-:(’$J2]
.—

(Alk)

.

Thevaluesof nX fromequation(Alh)have eencalculatedandaregiven

()
infigure17asa functionoftheration ~ andtheburnoutvelocity,
v~. Thelimitationsforthevaluesgiveninthisfigurearethesameas
thoseforfigure16. _.

.

.
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TABLEI.-LIFT-DRAGRATIOSFORWINGSW3113iSUPERSONICLFAIICNGEDGES

o
.m5
.01
.02
.03
.04
.05
.06
.07
.08
.09
.10
.12
.14
.16
.18
.20
.25
.30
*35
.40
.45
.50
.60
.70
.80
.90

1.00
1.2
1.4
1.6
1.8

o
.145
.206
.293
.360
.41_6
.467
.515
.560
.603
.641
.679
.750
.813
.873
:;%

1.12
1.24
1.35
1.45
1.55
1.64
1.82
1.99
2.15
2.30
2.44
2.72
2.98
3.23
3.47

EDOpt
~

2.000
2.017
2.o24
2.034
2.041
2.047
2.053
2.057
2.062
2.066
2.070
2.073
2.079
2.085
2.091
2.096
2.100
2.1.1o
2.120
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FigureI. - Effect of wing loading and speedon flight altitude and
Reynoldsnumberfor a glide vehicle with lift-drag ratio of 5.
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Figure3.- Effect of wing IOwet- surface pressureratio on the Reynolds
numberand heating rate with Iaminar boundarylayer.
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numberand heating ratewith Iaminarboundarylayer.
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Body fineness ratio — 9.5

Nose — tangent ogive of fineness ratio 5, withtip blunted to spherioal radius of 5 ‘Yo of

moximum body radius

b/d = 5.5

Wing thickness ratio — 29’0 at root

Cylindrical leading edge of constant radius ❑ .066 maximum wing thickness

Figure 5.- Configuration used in example,
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Figure IO. - Variation of estimated lift-drag ratio of exampleairplane
with angle of attack.
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Figure 13. - Radiationequilibriumtemperatureat leading edge of example
airplane.
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Figure 14.- Averagerates of heat transfer to wing of exampleairplane
at radiation equilibrium.
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airplane at radiation equilibrium.
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Figure 16. - Range as a function of mass ratio and lift - drag ratio.
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